Objective: Convulsive status epilepticus can exert profound cardiovascular effects in adults, including ventricular depolarization-repolarization abnormalities. Whether status epilepticus adversely affects ventricular electrical properties in children is less understood. Therefore, we sought to characterize ventricular alterations and the associated clinical factors in children following convulsive status epilepticus. Methods: We conducted a 2-year retrospective case-control study. Children between 1 month and 21 years of age were included if they were admitted to the pediatric intensive care unit with primary diagnosis of convulsive status epilepticus and had 12-lead electrocardiogram (ECG) within 24 h of admission. Children with heart disease or ion channelopathy, or who were on vasoactive medications were excluded. Agematched control subjects had no history of seizures or epilepsy. The primary outcome was ventricular abnormalities represented by ST segment changes, abnormal T wave, QRS axis deviation, and corrected QT (QTc) interval prolongation. The secondary outcomes included QT/RR relationship, beat-to-beat QTc interval variability, ECG interval measurement between groups, and clinical factors associated with ECG abnormalities. Results: Of 317 eligible children, 59 met the inclusion criteria. History of epilepsy was present in 31 children (epileptic) and absent in 28 children (nonepileptic). Compared with the control subjects (n = 31), the status epilepticus groups were more likely to have an abnormal ECG, with overall odds ratios of 3.8 and 7.0 for the nonepileptic and the epileptic groups, respectively. Simple linear regression analysis demonstrated that children with epilepsy exhibited impaired dependence and adaptation of the QT interval on heart rate. Beat-to-beat QTc interval variability, a marker of ventricular repolarization instability, was increased in children with epilepsy. Significance: Convulsive status epilepticus can adversely affect ventricular electrical properties and stability in children, especially those with epilepsy. These findings suggest that children with epilepsy may be particularly vulnerable to seizure-induced arrhythmias. Therefore, postictal cardiac surveillance may be warranted in this population.
Cardiovascular alterations associated with seizures generally are considered to reflect autonomic nervous system activation that dissipates with seizure cessation.
1,2 However, persistent QRS axis deviation, corrected QT (QTc) interval prolongation, ST segment and T wave changes, and conduction abnormalities on electrocardiogram (ECG) have been described following convulsive status epilepticus in adults, indicating that the cardiac effects of a prolonged seizure episode may extend beyond seizure cessation. 3 Similar postictal ECG abnormalities have been described in adult epilepsy patients following brief seizures, [4] [5] [6] [7] [8] [9] [10] suggesting that they may be more susceptible to seizure-induced cardiac effects. Supporting increased cardiac susceptibility to seizures are interictal cardiac alterations that reflect sympathetic predominance and abnormal ventricular repolarization, [11] [12] [13] [14] [15] [16] which are risk factors for stimulation-induced arrhythmias. Furthermore, fatal and near-fatal cases of seizure-associated ventricular tachycardia, ventricular fibrillation, and asystole [17] [18] [19] highlight the possibility that increased ventricular excitability and instability may contribute to early mortality in adult epilepsy patients.
Although convulsive status epilepticus is a common pediatric neurological condition, 20 whether prolonged seizures in healthy children can lead to persistent ventricular depolarization-repolarization abnormalities remains to be studied. In contrast, studies of pediatric epilepsy patients have revealed increases in QTc interval duration and spatial variability, as well as severe heart rate (HR) oscillations and premature ventricular beats following brief seizure episodes. 21, 22 Together, these observations suggest that, similar to adult epilepsy patients, abnormal ventricular depolarization-repolarization and subsequent ventricular instability may accompany seizures in children with epilepsy.
The stability of the ventricular depolarization-repolarization cycle is highly dependent on the coupling of QT interval to RR interval. 23 Decreased QT/RR coupling can manifest in impaired adaptation of the QT interval to the changing HR, and in increased beat-to-beat QTc interval variability. Both alterations have been observed in primary cardiac conditions that are at risk for developing ventricular arrhythmias, [24] [25] [26] [27] and therefore may represent candidate biomarkers for increased arrhythmogenic potential. Whether status epilepticus can disturb QT/RR coupling that is fundamental to the stability of the ventricular depolarization-repolarization cycle is unknown.
In this study, we sought to investigate whether persistent ventricular depolarization-repolarization abnormalities occurred in children following convulsive status epilepticus, determined whether epilepsy was a contributing factor, and explored additional clinical factors that may be associated with ventricular abnormalities.
Methods

Patient selection
We conducted a retrospective, case-control study from February 2011 to February 2013 at the Texas Children's Hospital Pediatric Intensive Care Unit (PICU). The Baylor College of Medicine Institutional Review Board approved the study protocol with waiver of consent. Patients were screened using International Classification of Diseases, Ninth Edition codes for status epilepticus, seizure, or epilepsy. The medical records of potentially eligible subjects were subsequently reviewed to verify the diagnosis of status epilepticus according to the International League against Epilepsy guidelines. 28 The inclusion criteria were: (1) primary admission diagnosis of convulsive status epilepticus, (2) age between 1 month and 21 years, and (3) 12-lead ECG performed within 24 h of PICU admission. Patients were excluded if they met any of the following exclusion criteria: (1) use of vasoactive agents (inotropes, b-blockers, and Ca 2+ channel blockers) during PICU stay, (2) history of heart disease, or (3) history or family history of ion channelopathy. Eligible patients were further categorized into two groups: children without epilepsy (nonepileptic group) and children with epilepsy (epileptic group). Control patients were composed of a convenient sample from the same study period and were matched to the epilepsy cohort by age, had a 12-lead ECG performed within 24 h of admission, and did not meet any of the exclusion criteria.
Data collection
A pediatric epileptologist (M.M.Q.) independently reviewed the medical records and assigned seizure semiology. A pediatric cardiologist (B.A.B.) blinded to the group assignment independently interpreted all ECG tracings. ST segment, T wave morphology, and QRS axis were classified as either normal or abnormal. Additional ECG data included HR and PR, QRS, and QT intervals. QTc interval was calculated using Bazett's formula. 23 For each ECG recording, we measured 10 consecutive QT intervals with the corresponding RR intervals from lead II to assess QT/RR relationship and to calculate the beat-to-beat variability of QTc intervals. Clinical and laboratory data included age, gender, PICU
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• Therefore, children with epilepsy may be vulnerable to seizure-induced ventricular arrhythmias length of stay (LOS), duration of the acute seizure episode, acute and chronic seizure semiology, antiepileptic drugs (AEDs) for acute seizure treatment, history of epilepsy, epilepsy duration, chronic AED regimen at the time of admission, and admission serum electrolytes, glucose, and blood gas values.
Primary and secondary outcomes
The primary outcomes were ventricular depolarizationrepolarization abnormalities, represented by ST segment changes, abnormal T wave morphology, QRS axis deviation, and QTc interval prolongation. ST segment changes were defined as deviation > 1 mm from baseline of the ST segment that was not associated with early repolarization. The T wave was determined to be abnormal if the T wave axis was not normal for age or if T wave notching was present. An abnormal QRS axis was present if the frontal plane axis was outside the normal range for age. Prolonged QTc interval was defined as interval duration > 460 ms. 29 Secondary outcomes included QT/RR relationship and beatto-beat QTc interval variability to indicate the stability of ventricular depolarization-repolarization. 25, 26 Additional secondary outcomes included comparisons of HR and PR, QRS, and QTc intervals between groups, and identification of factors associated with ECG abnormalities.
Statistical analysis
Continuous variables were analyzed using either Student t test or analysis of variance with post hoc Tukey test. Categorical variables were analyzed using either Fisher exact test or chi-square test. QT/RR relationship was evaluated using simple linear regression analysis. Beat-to-beat QTc interval variability was quantified by short-term variability (STV) and calculated using the following formula: STV = (∑|QTc n+1 À QTc n |)/(N 9 √2) where |QTc n+1 À QTc n | is the absolute difference between the two successive beats and N is the number of heartbeats. Statistical analyses were performed using GraphPad Prism 6 (La Jolla, CA, U.S.A.).
Results
Patient demographics
There were 4,681 PICU admissions during the study period, of which 422 children were admitted with a primary diagnosis of status epilepticus. All patients received continuous ECG monitoring during their PICU stay. Fifty-nine of the 317 eligible children underwent standard 12-lead ECG study within 24 h of admission. Of these 59 children, 28 children presented with seizure for the first time (nonepileptic groups) and 31 children had a history of epilepsy (epileptic groups; Fig. 1 ). There were no differences in age, gender, or PICU LOS between the control, nonepileptic, and epileptic groups (Table 1) . The nonepileptic and epileptic groups needed a comparable number of AEDs to terminate status epilepticus and had similar seizure semiology, except that febrile status epilepticus was present only in the nonepileptic group (Table 1 ). All ECG studies were performed following the cessation of seizures. The time intervals between seizure cessation and ECG study were comparable between the nonepileptic and epileptic groups ( Table 1 ). The admission diagnoses of the control patients were representative of our PICU population, with acute respiratory failure being the most common diagnosis (58%), followed by circulatory failure (16%). When comparing children admitted for status epilepticus who had an ECG performed with those who did not have an ECG performed, there were no significant differences in demographics, or clinical or laboratory data (Table S1 ).
Abnormal ventricular repolarization following status epilepticus
Control, nonepileptic, and epileptic groups exhibited comparable prevalence of sinus tachycardia (control, 11; nonepileptic, 5; epileptic, 10) and sinus bradycardia (control, 1; nonepileptic, 1; epileptic, 3). We did not observe other types of arrhythmias in the study subjects. However, compared with the control group, children without a history Case identification and group assignment. There were 4,681 Pediatric Intensive Care Unit (PICU) admissions during the study period, of which 422 children were admitted with a primary diagnosis of status epilepticus. Three hundred seventeen children were eligible, and 59 of these children met inclusion criteria. Twenty-eight children presented with status epilepticus for the first time and constituted the nonepileptic group, whereas 31 children had a history of epilepsy. ECG, electrocardiogram. Epilepsia Open ILAE of epilepsy exhibited an overall odds ratio (OR) of 3.8 (95% confidence interval [CI] = 1.3-11.5, p < 0.05) of having an abnormal ECG, and an OR of 6.0 (95% CI = 1.5-24.8, p < 0.05) for abnormal T wave morphology following status epilepticus (Table 2 , Fig. 2A ). Children with epilepsy exhibited an overall OR of 7.0 (95% CI = 2.3-21.5, p < 0.001) of having an abnormal ECG following status epilepticus (Table 2 ). Specifically, they exhibited an OR of 9.3 (95% CI = 2.6-33.3, p < 0.001) for ST segment changes, 4.4 (95% CI = 1.1-18.2, p < 0.05) for abnormal T wave morphology, and 10.3 (95% CI = 1.2-89.5, p < 0.05) for QRS axis deviation ( Table 2 , Fig. 2A ). There was no increased OR for prolonged QTc interval in the status epilepticus patients when compared with the control patients. There were no statistically significant differences in HR and interval measurements between the control, nonepileptic, and epileptic groups (Table 3) .
Decreased QT/RR coupling and increased ventricular repolarization instability following status epilepticus
Simple linear regression analysis revealed a strong relationship between the QT and RR interval in the control group, with an r 2 = 0.87, reaffirming that RR represents a major determinant of QT interval (Fig. 2B) . In contrast, we observed decreased QT/RR relationship in both status epilepticus groups, with the nonepileptic group having an r 2 = 0.75, and the epileptic group having an r 2 = 0.60 (Fig. 2B) . In addition to exhibiting the weakest QT/RR relationship following status epilepticus, children with epilepsy demonstrated an altered QT interval adaptation to HR, reflected in a flattened QT/RR slope as compared with the control and nonepileptic groups (Fig. 2B) . To assess whether this weakened QT/RR relationship in the status epilepticus groups was associated with unstable ventricular depolarization-repolarization cycles, we examined the beat-to-beat variability of QTc interval. Under physiological conditions, consecutive QTc intervals are expected to remain relatively constant, 24 which was observed in the control group. Poincar e plot of the nth QTc interval against the nth+1 QTc interval in the control group demonstrated QTc values clustering around the line of identity, indicating little beat-to-beat variability (Fig. 2C) . In contrast, Poincar e plots demonstrated increased dispersion from the line of identity in the status epilepticus groups, indicating increased beat-to-beat variability, with the most prominent dispersion in the epileptic group (Fig. 2C) . Increased beat-to-beat variability of the QTc interval can be quantified by STV representing deviation from the line of identity, which demonstrated a higher STV value in the epileptic group as compared with the control group (Fig. 2C) .
Clinical factors associated with ECG abnormalities
There were no significant differences in oxygen saturation (SaO 2 ) and blood gas values between groups (Table 3) . Interestingly, although normal serum calcium levels were observed in all groups, children with epilepsy had statistically higher serum calcium levels compared with the control subjects (Table 3) . Among the children with status epilepticus (nonepileptic and epileptic), the duration of status epilepticus was comparable between those with normal ECG and those with abnormal ECG (Table 4) . Administration of fosphenytoin, benzodiazepines, levetiracetam, or phenobarbital acutely was not associated with an abnormal ECG in the seizure groups. We did not observe an association between chronic administrations of any AED and abnormal ECG in the epileptic group (Table S2) . History of epilepsy was the only factor found to be associated with an abnormal ECG (Table 4) .
Discussion
In this study, we found that convulsive status epilepticus is associated with higher likelihood of having postictal ECG abnormalities that reflect altered ventricular depolarization-repolarization in children without prior seizure history and in children with epilepsy. Cardiac alterations are well described in adult epilepsy individuals that include several interictal and peri-ictal ventricular repolarization abnormalities. [3] [4] [5] [6] [7] [8] 13, 16, 30 In contrast, few studies have reported interictal and peri-ictal ventricular abnormalities in pediatric epilepsy patients. 21, 22 We have observed ST segment changes, abnormal T wave morphology, and QRS axis deviation in the status epilepticus groups, indicating altered ventricular depolarization-repolarization activation sequence following seizures. The preponderance of abnormal ECG studies in the epilepsy cohort suggests that they may be more vulnerable to status epilepticus-induced cardiac electrical instability.
Furthermore, we found that status epilepticus was associated with diminished HR influence on the QT interval, and that the magnitude of QT interval changes in response to changes in RR intervals was significantly decreased in children with epilepsy. With diminishing HR influence, the adaptation of QT interval to HR may become unpredictable and possibly lead to increased risk for ventricular arrhythmias. Impaired adaptation of the QT interval to HR has been reported in individuals with symptomatic early repolarization and Brugada syndromes, 25 in which ventricular arrhythmias and sudden cardiac death constitute a significant cause of mortality. Impaired adaptation of the QT interval to HR may also adversely affect its temporal stability. Accordingly, children in both status epilepticus groups exhibited higher STV values, with the epilepsy group having the highest STV values as compared with the control subjects. Increased STV occurs in individuals with congenital long QT syndrome and may serve as a risk biomarker for ventricular arrhythmias. 24, 26, 27 Therefore, impaired adaptation of the QT interval to HR that is observed following status epilepticus may represent a candidate mechanism underlying The nonepileptic group has decreased goodness-of-fit (r 2 = 0.75), and the epileptic group has the least goodness-of-fit (r 2 = 0.6). The epileptic group also exhibits a flatten slope as compared with the control group. (C) Poincar e plots of the QTc intervals from the control, nonepileptic, and epileptic groups. The control group had QTc values that center on the line of identity. The QTc values scatter around the line of identity in the nonepileptic and epileptic groups, with the most prominent dispersion in the epileptic group. Short-term variability (STV) representing the mean orthogonal distance to the line of identity shows higher values in the nonepileptic and epileptic groups as compared with the control group. STV is presented as mean AE standard error of the mean. *p < 0.05, ***p < 0.001 versus control group. Epilepsia Open ILAE labile ventricular repolarization and suggest an increased risk for ventricular arrhythmias in these children.
QTc interval prolongation and the occurrence of ventricular dysrhythmias have been associated with ictal hypoxia and respiratory acidosis. 7 Using blood gas parameters as surrogate markers for compromised respiration, we found no statistically significant differences in our status epilepticus patients when comparing children with normal ECG and those with abnormal ECG. This finding suggests that persistently impaired respiration may not play a role in postictal ECG abnormalities in our subjects; however, we cannot exclude ictal respiratory derangement as a trigger or contributing factor.
Although clinical and experimental evidence suggest that status epilepticus may be sufficient to induce abnormal ventricular repolarization, 3, 31 which is also supported by our observations in the nonepileptic cohort, our analyses indicate that the presence of epilepsy significantly increases the risk for abnormal ECG. Multiple mechanisms may contribute to epilepsy-associated cardiac changes, including persistent cardiac sympathetic predominance, [11] [12] [13] [14] [15] [16] 30 recurrent seizures with associated ventricular repolarization instability, 4-7 effects of multiple AEDs, 32 and others. In this study, the use of fosphenytoin, which has inhibitory properties on the Na + channels, was not an independent risk factor for abnormal ECG. Furthermore, we did not observe chronic or acute administration of any AED being associated with abnormal ECG in this study. Future studies with larger numbers of subjects are required to further delineate the contribution of these potential factors to the observed postictal ventricular electrical abnormalities in pediatric epilepsy.
Variations in the activation sequence of ventricular depolarization-repolarization represented by ST segment changes, abnormal T wave morphology, and QRS axis deviation are often associated with myocardial damage. Therefore, the observed ECG abnormalities may simply reflect cardiac injury resulting from status epilepticus. Adults with comorbid cardiovascular diseases are particularly at risk for status epilepticus-associated myocardial injury, whereas individuals with a healthy cardiovascular system have normal serum troponin levels following status epilepticus. [33] [34] [35] [36] [37] Given that children generally have a healthy cardiovascular system, and we have excluded children with comorbid cardiovascular diseases from this study, it is likely that pathological processes such as altered cardiac electrophysiology may play a greater role in the observed ECG abnormalities in our subjects. In support of altered cardiac electrophysiology as a candidate mechanism, a subset of adults with refractory status epilepticus also has been reported to exhibit ECG abnormalities in the absence of clinically overt cardiac injury. 35 The magnitude of the ventricular depolarization-repolarization abnormalities found in our study is often considered to be of indeterminate clinical significance. Although these subtle abnormalities have been indirectly correlated with risk for ventricular arrhythmias in patients with known underlying cardiac disease and in animal models, whether these findings confer the same cardiac risk in individuals with epilepsy is unknown at the present. However, the preponderance of these changes in the status epilepticus groups nevertheless suggests that seizures may adversely influence ventricular electrical properties.
Due to its retrospective of the study and the relatively low prevalence of eligible subjects with 12-lead ECG (18.6%), ascertainment bias represents a potentially significant limitation of the study. As routine practice, all children were placed on cardiopulmonary monitoring that included continuous ECG in the PICU. For this study, we have chosen to examine those who underwent additional 12-lead ECG study because it represents a gold standard diagnostic modality for cardiac evaluation. As expected, the most common reasons for obtaining a 12-lead ECG in all groups were related to cardiac concerns. However, we did not observe any clinical differences in the status epilepticus groups between children who had ECG performed and those who did not, suggesting that children with additional 12-lead ECG studies may be representative of the status epilepticus 
NS
Values are expressed as mean AE standard error of the mean. BE, base excess; HR, heart rate; NS, not significant; QTc, corrected QT; SaO 2 , oxygen saturation. a n = 25, groups. Even assuming that our study groups represent a skewed sample, and the remaining children had normal ECG, the estimated prevalence of ECG abnormalities still would have been approximately 11% (34 of 317 eligible subjects) following status epilepticus. We have examined only one ECG recording per subject during their PICU stay. Therefore, we were unable to determine whether the observed ECG alterations represented a preexisting condition, or how long they persisted following seizures. Additionally, due to the small sample size, we were unable to perform multivariate analyses controlling for potential confounding factors. Another limitation relates to status epilepticus possibly resulting in the most severe seizureassociated cardiac derangements; therefore, the applicability of our findings to the general population of children following seizures remains to be determined. Our study excluded children with a known ion channelopathy, to ascertain the effects of seizures on cardiac electrical properties. However, we cannot exclude the possibility that other genetic factors may predispose children to both development of epilepsy and altered ventricular repolarization.
Conclusion
We have observed multiple ventricular depolarizationrepolarization abnormalities in children following convulsive status epilepticus, suggesting that prolonged seizures may have deleterious effects on the stability of ventricular electrical properties. Children with epilepsy exhibit the highest prevalence of ECG abnormalities, the least QT/RR coupling, and the most beat-to-beat QTc interval variability, suggesting that these children may be at the highest risk for ventricular instability. Future prospective studies examining temporal progression of these abnormalities will lend further insight into the evolution of cardiac remodeling and its potential impact in epilepsy.
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